Spectrin, the major protein of the RBC membrane skeleton has canonically been thought to only serve a structural function. We have described a novel chaperone-like property of spectrin and have shown that it is able to prevent the aggregation of other proteins such as alcohol dehydrogenase, insulin and free globin chains. We have tried to localize the molecular origin of chaperonelike activity in multi-domain spectrin by using recombinant spectrin fragments and investigating individual domains. We have characterized the recombinant domains using intrinsic tryptophan fluorescence and CD spectroscopy to show their identity to native spectrin. Hydrophobic ligands Prodan (6-propionyl-2[dimethylamino]-naphthalene) and ANS (1-anilinonaphthalene-8-sulfonic acid) binding has been used to probe the hydrophobicity of the recombinant domains and it is seen that all domains have surface exposed hydrophobic patches; and in accordance with our previous hypothesis only the reconstituted self-association domain binds Prodan. Recombinant domains display comparable chaperone potential in preventing protein aggregation; and substrate selectivity of α-over β-globin is seen. Enzyme refolding studies show alternate pathways of chaperone action. Our current study points to the presence of hydrophobic patches on the surface of these domains as the source of the chaperone activity of spectrin, as notably seen in the self-association domain. There is no one domain largely responsible for the chaperone activity of spectrin; rather all domains appear to contribute equally, such that the chaperone activity of spectrin seems to be a linear sum of the individual activities of the domains.
Introduction
Spectrin is a protein that is found in the membrane skeleton of all metazoan cells (1, 2) . It is the major scaffolding component of mature erythrocytes in humans (3) . It is large (~500 kDa), heterodimeric protein composed of α (~240 kDa) and β (~220 kDa) polypeptides (4) . Each polypeptide subunit is composed mostly of tandemly repeating spectrin repeat domains which are 106 amino acid long stretches that fold into three antiparallel α-helices (5) . The spectrin repeat domains have been implicated as the source of the remarkable elasticity, flexibility and structural strength of spectrin (6) (7) (8) . They have also been shown to be the location of the protein binding and ligand binding property of spectrin (9, 10) . These domains have a high degree of homology (11) , especially the presence of conserved tryptophans (12) , within themselves; however they also have sufficiently different sequences to show distinct properties (13) . There are 20 such repeat domains in α-spectrin and 16 domains in β-spectrin and the rest of the polypeptide sequences are made up of non-homologous motifs (4, 14) .
Previous literature on spectrin mostly points out the role of spectrin as a structural and mechanical component of the membrane skeleton (3, 15, 16) . Newer studies point out the non-canonical roles of spectrin, for example as a platform for signal transducing complexes and as a protein-protein interaction module (13, 17, 18) . The first report of the chaperone like property of erythroid spectrin was made by our group where we had also hypothesised that this property resides in the self-association domain of the hetero-dimer (19) (20) (21) (22) .
Keeping in mind the modular, repeating nature of the spectrin repeat domains of which the majority of erythroid spectrin is constituted it becomes important to determine if the chaperone property of spectrin is localized in one of these repeat domains or is a shared general property of these repeat motifs or is a function of the non-homologous motifs.
Spectrin presents an interesting case where like many cytoskeletal proteins, it was believed that the spectrin repeat domains serve only to flexibly link and spatially separate actin-binding function (23, 24) ; however it has now been shown that the repeat domains too have their own functionality. Moreover the interactions of these repeat domains cannot be generalized even though they share sequence and structural identity (10, 13, 25) . Thus, keeping our question in mind, it becomes difficult to predict the functionality of a given repeat. Moreover spectrin has known functionality in some of its repeat domains such as actin binding and ankyrin binding (26, 27) , and there is homology with known chaperone calmodulin in its EF domain (28). This further complicates the question of localizing spectrin's chaperone activity. In our current work we have tried to test our old hypothesis and determine if the chaperone like potential of spectrin is localized in one of its many domains or is a property displayed by the entire polypeptide.
It is known that all chaperones have some features in common which aid in substrate recognition; most often these are charged and/or hydrophobic patches which are solvent exposed (29). Keeping in mind the known presence of hydrophobic patches on spectrin as well as our hypothesis linking hydrophobic patches to chaperone activity (20, 30) , the most likely loci on spectrin to harbour chaperone activity should also have hydrophobic patches. In our present study we have selected nine domains of spectrin, five from α and four from β spectrin to investigate their chaperone activity as versus the native protein. We have selected domains based on their likelihood of harbouring hydrophobic patches/chaperone like activity and the domains we have chosen to investigate are the α-tetramerization domain, α-dimerization domain, EF domain, SH3 domain, β-tetramerization domain, β-dimerization domain, actin binding domain, ankyrin binding domain, and a random non-specific spectrin repeat domain from α-spectrin.
The self association domain or Tetramerization domain of spectrin is the dimerized form of the N-terminal 1-158 amino acids of α (α-tetramerization domain) and Cterminal 1895-2137 amino acids of β-spectrin (β-tetramerization domain) (31). We have previously hypothesized that the chaperone function and Prodan binding site of spectrin is localized here (20) . Available literature indicates that this self association domain is where the hetero-dimers of spectrin link up to form tetramers (32) and mutations in this region lead to haemolytic diseases (33). Moreover available data shows this region to have hydrophobic residues present on the peptide surface (34,35). This presence of surface exposed hydrophobic patches has led us to include these two domains.
Similarly, we have selected the α-dimerization domain (2002-2233 amino acids of α-spectrin) and β-dimerization (271-500 amino acids of β-spectrin) domain of spectrin, which are the regions in the polypeptides that form the nucleation site of high affinity heterodimer formation and also have surface hydrophobic patches (36-39).
The C-terminal of α-spectrin is calmodulin like and is called the EF domain (2257-2429 amino acids) and has calcium dependent and independent EF hands; since calmodulin itself is a chaperone this domain too is a candidate for possessing chaperone like function (28,40).
SH3 domain (973-1055 amino acids of α-spectrin) is a protein interaction module present in α-spectrin and due to its broad range of protein interaction ability is also considered (41,42).
The ankyrin binding domain (1657-1876 amino acids of β-spectrin) (26, 43) and actin binding domain (1-316 amino acids of β-spectrin) (27, 44, 45 ) of the of β-spectrin polypeptide are also protein binding domains and are thus included.
As versus these domains which have some defined function and probable chaperone potential a random spectrin repeat domain of α-spectrin between amino acids 1470-1576 was chosen to act as a control (4).
We have expressed and purified these chosen domains from cloned sequences and characterized them using intrinsic tryptophan fluorescence, urea denaturation, CDspectroscopy, time-resolved spectroscopy and ligand binding. We have estimated their chaperone potential by monitoring the extent of protection of protein aggregation thermally and non-thermally and by enzyme refolding assays.
Results

Expression and characterization of spectrin domains
The spectrin domains were expressed, extracted and purified in urea denatured condition, and then refolded to give native domains. The domains of spectrin that were selected for the present study are pictorially depicted in Figure 1 , panel 1 for easy visualization of their relative locations in spectrin. The spectrin domains were expressed and purified as described and was run on 15% SDS-PAGE to check purity; Figure 1 panel 2, subpanels 'a' and 'b' show gels for crude and purified extracts respectively. Supplementary  Table ST1 contains the polypeptide sequence for each domain and their calculated molecular weight. Figure 1 panel 4 shows the fluorescence emission spectra of the individual native fragments and reconstituted selfassociation domain. Supplementary Figure S1 shows the same for urea denatured condition. It is seen that for most of the domains the emission maxima is close to that of intact dimeric spectrin and like the parent protein there is red shifting of emission upon urea unfolding. The parameters of fluorescence lifetime, anisotropy and polarization are tabulated in Table T1 . It is seen that for almost all the fragments the parameters are close to spectrin. The self-association domain was reconstituted from α and β-tetramerization domains and was run on a Sephadex G-100 column for purification. It was seen that over a 12 hour period the majority of constituent fragments had dimerized to form the selfassociation domain. The elution profile for the same is given in Figure 1 panel 3. CD spectroscopy reveals that the native domains all have an α-helical fold analogous to spectrin, except the SH3 domain which shows a more β-sheet like nature with the presence of a unique secondary minima which matches with previous literature (46). The CD spectra of spectrin superposed with that of the selfassociation domain is shown in Figure 1 panel 5 and that of the rest of the fragments are shown in supplementary Figure S2 . The MRE values at 222 nm are tabulated in Table T1 . Upon urea denaturation it was seen that the domains lost most of their secondary structure unlike spectrin which still retained some of its secondary structure. Representative CD spectra of the urea denatured domains are shown in supplementary Figure S3 .
Binding of fluorescent ligands
The emission maxima of Prodan in aqueous solution was found to be blue shifted from 520 nm to 430 nm upon spectrin and self-association domain binding with a concurrent large increase in emission intensity. It was found that other than the reconstituted self-association domain other spectrin domains did not appreciably bind with Prodan to a level that could be experimentally followed within the concentration range of the soluble spectrin fragments. Prodan binding was analysed using both the model independent and Scatchard methods. The dissociation constants and stoichiometries derived from these two methods are tabulated in Table 2 . It was also noted that upon binding the fluorescence lifetime, polarization and anisotropy of Prodan increased appreciably; data is given in Table  2 . The representative fluorescence spectra and binding isotherms of Prodan binding to selfassociation domain are shown in Figure 2 .
Similarly in case of ANS it was seen that the fluorescence emission maxima was found to be blue shifted from 470 nm to 520 nm upon protein binding and the emission intensity was found to increase many fold over that of free ANS in aqueous buffer which has negligible fluorescence. The binding parameters of ANS to the spectrin fragments were evaluated by two methods as before and the stoichiometries and binding constants are tabulated in Table 3 . The increase in fluorescence upon self-association domain binding, and the analysis are graphically represented in Figure 3 . The same for the rest of the domains are shown in supplementary Figures S4 and S5. The increase in polarization and anisotropy of ANS fluorescence upon protein binding are tabulated in Table 3 .
Assay of chaperone activity
In case of protein aggregation the maximum O.D. measured of the test proteins aggregating alone was taken as 100% and the reduction thereof by spectrin and its cloned fragments was expressed as the percentage of protection from aggregation. It was seen that spectrin and spectrin fragments as well as the reconstituted self-association domain could all inhibit protein aggregation both in an aggregating protein to chaperone ratio of 1:0.5 and 1:1. It was seen that this inhibition of aggregation was dose dependent where more protection occurred for the 1:1 ratio than for the 1:0.5 ratio. Moreover it was seen that in case of insulin and globin chain aggregation the fragments behaved in a general way showing a similar extent of protection for all cases with the extent of protection being only slightly less than that of intact spectrin. In case of the thermal aggregation of ADH it was seen that the fragments showed a decreased overall protection than in the other two cases. For the aggregation of insulin native spectrin showed a protection of ~45 % in 1:0.5 weight ratio and about ~60 % for the 1:1 weight ratios. The fragments all showed a protection of ~ 35-40% and 50-55% for these two ratios respectively. In case of ADH aggregation, native spectrin showed ~ 40 % protection in the 1:0.5 and ~ 50% protection in the 1:1 weight ratio respectively with the fragments showing ~ 30 % and ~ 40 % protection in these two weight ratios respectively. For the globin chains it was seen that both native spectrin and the fragments were able to better protect α-globin from aggregation rather than β-globin. Representative aggregation curves of insulin aggregating n presence and absence of spectrin and its subunits is shown in Figure 4 . Figure  4 also shows the extent of protection from aggregation of the test proteins insulin, ADH, α and β-globin by spectrin and its fragments.
It was seen that native spectrin and its recombinant fragments had an effect on the reactivation yield of the enzymes α-glucosidase and alkaline phosphatase. In case of alkaline phosphatase it was seen that presence of spectrin or its fragments caused an increase in the reactivation yield whereas in case of α-glucosidase there was a decrease. In case of alkaline phosphatase it was seen that native spectrin could increase the yield to ~35% from a self refolding yield of ~ 20%. The fragments could increase the yield comparably to spectrin at around 30%. In case of α-glucosidase self refolding yields of ~25% was found to decrease in presence of spectrin to ~ 10% with the around same yield being seen in presence of the fragments. The reactivation yields are graphically represented in Figure 5 .
Discussions
Intrinsic tryptophan fluorescence is a very useful tool to probe the conformation and stability of spectrin. The tryptophans are conserved in their positions in the spectrin repeat domains and contribute to the overall stability and structure of the protein as evidenced by the fact that mutating them causes a decrease in stability of the spectrin repeat domains (12, 47, 48) . Of our chosen spectrin domains all but the SH3, EF, Actin binding and the β-tetramerization domain are made up of the spectrin repeat motifs, and of the domains that do not share a consensus sequence with the spectrin repeat motif, only the SH3 domain has a non-alpha helical fold (49) . So tryptophan fluorescence gives us a useful tool to probe the structure of the cloned spectrin domains. Experimental data shows that for all the domains a moderately high amount of constraint is present on the tryptophans, which is reflected by their anisotropy and polarization values which approach those of native spectrin (50, 51) . Notably, the SH3 domain and EF domain are exceptions to that general trend which can be explained by the fact that SH3 domain has a globular fold which does not put as much torsional constraint on the tryptophans and an in case of the EF domain the single tryptophan being probed was inserted artificially to aid in estimating protein folding. The anisotropy data is corroborated by emission maxima measurements which show the same trend and it is seen that the tryptophan emissions corroborate well with situations where the tryptophans are buried in a hydrophobic protein core (52) . Moreover upon urea denaturation the anisotropy decreases and emission maxima are red shifted for the refolded domains as it is for native spectrin (53) . Taken together the anisotropy, polarization and emission maxima data strongly indicate that the cloned, expressed and denatured domains were successfully refolded and the refolded proteins were structurally similar to native spectrin. This is supported by measurements of the mean tryptophan lifetimes which show that the refolded domains all have lifetimes comparable to that of native spectrin which decreases upon urea unfolding analogous to spectrin. CD spectroscopy confirmed the folding of the proteins; it was seen that the refolded domains shared the same α-helical fold of spectrin except SH3 domain which showed a CD spectra that matched with previous reports of the native domain (46). Urea denaturation was found to abolish the clean α-helical nature of the CD spectra of these domains further indicating that the domains were successfully renatured.
Interestingly it is seen that CD spectra reveals subtle differences in the folding and conformation of these spectrin domains which are consistent with previous literature on these domains. CD spectroscopy reveals that the lowest MRE values at 222 nm are those of the EF domain, SH3 domain and β-tetramerization domain, which can be explained by the fact that β-dimerization domain has a nonstructured tail (54) which decreases its α-helical nature; similarly SH3 domain has a globular fold (46) and EF domain while α-helical is made up sequences non-homologous to the spectrin repeat domain (28).
Hydrophobic probe Prodan was found to bind only the reconstituted self-association domain of spectrin with binding affinity comparable to native spectrin. The rest of the fragments either do not bind Prodan or bind weakly with appreciably lower binding affinity. This validates our earlier hypothesis that the Prodan binding site in spectrin is located in the self-association domain; moreover the stoichiometry is also found to be same as that seen in our previous studies (20, 55) . It is important to note that our previous study has shown that Prodan binds to both dimeric and tetrameric spectrin; in dimeric spectrin the self-association domain has not dimerized across two spectrin heterodimers to give the dimerized self-association domain. However available data indicates that the labile tail of the β-tetramerization domain forms a loop which mimics the same (56) . In our present study neither the α-tetramerization domain nor the β-tetramerization domain could by themselves bind Prodan to a level that could be experimentally followed; only when they had dimerized to yield the reconstituted self-association domain could they bind Prodan. This can be explained by the fact that in both the spectrin dimer and tetramer the β-tetramerization domain's labile tail is in a complex which forms a completed spectrin repeat domain, either by forming a loop or by complexing with a partial repeat domain in α-tetramerization domain (56) (57) (58) and it can be hypothesized that only when this complexed domain exists can Prodan bind. In the present work it is seen that the affinity of Prodan binding to the self-association domain is lower than that of binding to spectrin; this can be explained by the fact that while the α and β-tetramerization domains are capable of reconstituting the self-association domain, the structure of the same is not exactly the same as in the native condition, this is due to the fact that spectrin domains by themselves have less stability and structure than the whole protein (59).
The hydrophobic probe ANS was seen to bind to all the fragments of spectrin and spectrin itself. Generally native proteins do not bind ANS and ANS binding indicates some denaturation of a protein (60) (61) (62) ; however in cases where a protein has surface exposed hydrophobic patches the native protein can also bind ANS (63), making it a good probe for measuring protein surface hydrophobicity (64) . We see that while all the domains bind ANS the affinity for the same is less than that in spectrin; moreover spectrin is shown to bind 5 ANS residues while the domains along with the self-association domain each bind 1 ANS for a total of 10. It is possible that intact spectrin has some hotspots of surface hydrophobicity which can bind ANS with much greater affinity thereby masking the binding of ANS to the other less-hydrophobic sites and the actual binding sites for ANS on spectrin is greater than 5. Present data shows us that all the fragments of spectrin have hydrophobic patches on their surface that can bind ANS and the hydrophobicity is of a comparable amount as evidenced by comparable dissociation constants for ANS binding.
The chaperone activity of spectrin fragments was assayed by following their ability to prevent protein aggregation and aid enzyme refolding. It was seen that in case of prevention of protein aggregation, intact spectrin was the best at protecting the aggregating proteins followed by the reconstituted self-association domain, all the other fragments had about the same activity which was slightly less than that of spectrin. It can be hypothesized that the spectrin fragments irrespective of their mutual structural differences act in a generalized manner when it comes to interacting with their chaperone substrates. It is plausible to think of the chaperone potential of spectrin fragments to be driven by the presence of surface exposed hydrophobic patches, as is the case with many chaperones (65, 66) , for example the chaperones such as sHSPs and GroEL also act with the help of exposed hydrophobic patches (67, 68) . It is known that chaperones act by recognizing the exposed hydrophobic clusters in structurally perturbed, misfolded, partially folded or stressed proteins with the help of hydrophobic patches of their own (29). As we have confirmed the presence of hydrophobic patches on all the spectrin domains and have determined that they all have about the same hydrophobicity it is reasonable to think that they are the determining factor in chaperone activity. Moreover the relatively unstable nature of the individual domains in comparison to intact spectrin (69, 70) can be seen in the case of ADH aggregation where the difference in protection between spectrin and the cloned domains are most prominent probably due to the reduced stability of the domains in thermal stress. It is also interesting to note that spectrin and spectrin domains display a great specificity towards α-globin in favour of β-globin as a chaperone substrate as is evidenced by a large protection from aggregation of the former versus a modest one of the latter (21).
Our previous studies have shown that spectrin displays a selective affinity towards α-globin as a substrate as versus β-globin. Basic sequence alignment and crystal structure comparison reveals that the spectrin repeat domains share a similar fold and moderate homology to the α-globin chaperone AHSP (71) . We have hypothesised that α-globin may act as a major client for the chaperone activity of spectrin based on both its selective binding and high affinity (21, 72) .
Enzyme refolding studies illuminate the fact that the mechanism of chaperone action is not the same for all client proteins; in case of alkaline phosphatase the addition of spectrin and spectrin domains give a larger reactivation yield versus self refolding while in case of α-glucosidase we see the opposite to be true. Chaperones are known to act by either helping a protein refold as in case of HSP70 (73) or they bind to an unfolded protein stopping aggregation until another chaperone can refold the protein as in case of α-crystallins (74) . It would seem that depending on the nature of the client, spectrin is able to follow either one of these two routes.
From our present study it can be concluded that the molecular site of Prodan binding in native dimeric erythroid spectrin is located in the self-association domain and that the chaperone activity of spectrin is derived from the presence of many surface exposed hydrophobic patches which give its constituent domains comparable chaperone activity with the self association domain being moderately better in terms of preventing protein aggregation.
Experimental procedures
pET151/D-TOPO plasmids containing the sequences of interest were acquired from Invitrogen; fluorescent probes Prodan (6-propionyl-2[dimethylamino]-naphthalene) and ANS (1-anilinonaphthalene-8-sulfonic acid) were also from Invitrogen; PMB, PMSF, EDTA, DTT, sodium hydrogen phosphate, NaOH, Tris, Sephadex G-100, Sepharose CL-4B, DEAE cellulose and CM cellulose were purchased from Sigma. Insulin from bovine pancreas, alcohol dehydrogenase from S. cerevisiae, alkaline phosphatase from E. coli, α-glucosidase from S. cerevisiae, 4-nitrophenyl-α-D-glucopyranoside and paraitophenylphosphate were purchased from Sigma. Prism Ultra pre-stained protein ladder (3.5 -254 kDa) was purchased from Abcam. All water used for experiments was purified via a Millipore system. (72, 75, 76) Dimeric human erythroid spectrin was isolated from clean white RBC ghost membranes following protocol elaborated in earlier studies (77) . Briefly, RBCs were pelleted by centrifugation, washed with PBS containing 5 mM sodium phosphate, 155 mM NaCl, 1mM EDTA, pH 8.0 and lysed in hypotonic lysis buffer containing 5mM sodium phosphate, 1mM EDTA and 20 µg/ml PMSF. Resultant RBC membranes were collected by centrifugation and contaminating hemoglobin was removed by washing with lysis buffer to yield clean white ghosts. Spectrin was removed from ghost membranes by 30 min incubation at 37°C in low salt spectrin removal buffer containing 0.2 mM sodium phosphate, 0.1 mM EDTA, 0.2 mM DTT, 20 µg/ml PMSF, pH 8.0. Spectrin was further purified by 30% ammonium sulphate precipitation from crude extract and resultant preparation was run through Sepharose CL-4B column to give final pure product. Purity of preparation was checked by 8% SDS PAGE analysis and concentration of preparation was determined from known O.D. of 10.7 at 280 nm for 1% spectrin solution (77) . Spectrin preparation was stored at -20°C for a maximum of one month.
Isolation of human erythroid spectrin
Human blood samples were collected from healthy volunteers with proper informed consent. Blood samples were obtained from Ramkrishna Mission Seva Pratisthan Hospital, Kolkata, India, with informed written consent of the patients following the guidelines of the Institutional Ethical Committee as elaborated earlier
Isolation and purification of human Hemoglobin and constituent α and β chains
Human hemoglobin variant HbA was isolated from blood samples collected from healthy volunteers with proper informed consent.
RBCs were collected by centrifugation, washed with PBS and lysed with three volumes of 1mM Tris-HCl pH 8.0 at 4°C and lysate was purified by gel filtration on Sephadex G-100 column (45x1cm) using 5mM Tris-HCl 50mM KCl pH 8.0 buffer. Purity was checked by 12% SDS PAGE analysis and concentration was checked using molar extinction coefficient of 125000 at 415 nm. Presence of oxy form of hemoglobin was confirmed using absorbance at 415 nm and 541 nm. Hemoglobin preparation was stored at -70° C for a maximum of one week (78) . α and β globin subunits were isolated from hemoglobin using previously published protocol (78, 79) . Briefly, 100mg PMB per 1 g of hemoglobin was dissolved in minimum volume of 0.1M KOH and 1M acetic acid was added till very light precipitate persisted. PMB solution was added to 50mg/ml solution of hemoglobin in 10mM Tris-HCl 200mM NaCl, pH 8.0, and final pH was adjusted to 6.0 by addition of 1M acetic acid and mixture was incubated at 4° C for 12 hours.
PMB bound globin subunits were separated using two column selective ion exchange chromatography. α-PMB was isolated by equilibrating globin-PMB mixture with 10mM phosphate buffer pH 8.0 and passing through DEAE-cellulose column equilibrated with the same buffer. Similarly β-PMB was isolated by equilibrating globin-PMB mixture and passing through CMcellulose column equilibrated with the same buffer. The PMB was removed from isolated globin chains by addition of 50 mM β-mercaptoethanol in 0.1M phosphate buffer pH 7.5. Globin chains were then purified by gel filtration on BioGel P2 column. The purity was checked by 12% SDS page analysis and concentration was measured by Bradford method using BSA as standard. Globin chains were stored at 4° C for not more than 48 hours (79).
Expression isolation and purification of recombinant spectrin domains
Utilizing the work of Forget et. al. (4, 14) the polypeptide sequence of the chosen domains was determined from the cDNA and polypeptide sequence of human erythroid spectrin (EMBL Data Bank accession numbers J05244 & J05500). In case of the EF domain which did not have any tryptophans in its sequence a tyrosine was replaced with a tryptophan in the 2578 th position in α-spectrin. pET151/D-TOPO plasmids with the sequences of interest inserted under control of Lac operon and T7 viral promoter with N-terminal hexa-histidine tag and Ampicillin selection marker was obtained from Invitrogen. Sequences were optimized for expression in E. coli. Plasmids were sequentially electroporated into XL1-Blue and BL21(DE3) cells for cloning and protein expression respectively.
It was noted from pilot experiments that the recombinant domains had appreciable solubility issues and were mostly incorporated into inclusion bodies. As such expression, extraction, purification and refolding methods were standardised for urea denatured extraction of the domains. Cells were grown in L.B. media with 100 µg/ml Ampicillin at 37 ºC and protein expression was induced in a log phase culture, O.D.280nm 0.6, with 0.5 mM IPTG at 25 º for four hours.
Cells were collected by centrifugation at 4000 x g and washed to remove excess media. Cells were lysed by sonication in a buffer containing 8 M urea, 10 mM Tris-HCl, 100 mM NaCl, pH 8.0 and lysate was clarified by centrifugation at 12000 x g to remove cell debris. Lysate was incubated with half its volume of Ni-NTA resin equilibrated with the same buffer for two hours at 25 º C. The resin was then washed successively with buffer and 20 mM immidazole in the same buffer to elute non-specific binders. Finally the proteins were eluted in 200 mM immidazole in the same buffer. The resulting unfolded proteins were then sequentially dialyzed against 7 M, 6 M, 5 M, 4 M, 3 M, 2 M, 1 M and 0.5 M urea in the same buffer before being dialyzed in pure buffer without urea to yield folded protein.
The resulting solution was centrifuged at 7000 x g for 5 minutes to remove any misfolded proteins and the supernatant was passed through 0.22 µm syringe filter to yield final pure folded proteins. The purity of the samples was checked by 15 % SDS-PAGE analysis and their concentration was measured using the Bradford method with BSA as standard. The proteins were stored at 4 ºC for not more than 48 hours.
The self-association domain was reconstituted by incubating 20 µM concentrations of α and β-tetramerization domains together in 150 mM NaCl, 10 mM Tris-HCl pH 8.0 overnight on ice. Resulting reconstituted self-association domain was purified by passing it through a 45 x 1 cm Sephadex G-100 column equilibrated with 10 mM Tris-HCl, 100 mM NaCl, pH 8.0 buffer.
Characterization of spectrin fragments
The fragments of spectrin were characterized using fluorescence and CD spectrometry both in native and urea denatured conditions. Steady state experiments were carried out in a Cary Varian and Fluoromax-3 spectrofluorometer using 10 mm path length quartz cuvettes at 25 ºC using thermostated cuvette holders. 10 µM of each fragment and the reconstituted self-association domain were taken and their emission was measured from 310 to 450 nm using 295 nm excitation with 5nm band pass slits for both excitation and emission channels. The fluorescence anisotropy of the tryptophans in the proteins was measured using the same instrument with band pass slits of 5 nm each for excitation and emission and excitation at 295nm and emission at 340nm. Fluorescence lifetimes of these proteins were measured using a Horiba Fluoromax 3 with TCSPC attachment. Tryptophans were excited at 295 nm using a nano-LED and their emission was recorded at 340 nm. Decay curves were fitted using DAS6 software. CD spectroscopy was done using a 1 mm path length quartz sandwich type cuvette in a Applied Photophysics Chirascan instrument. An average of ten accumulations was taken for each sample using 0.5 nm steps in the interval of 190 to 250 nm. Machine data was converted to mean residual ellipticity for analysis and comparison.
Binding of fluorescent probes
Prodan and ANS were used as fluorescent probes and binding experiments were performed using a Cary Varian spectrofluorometer using 10 mm path length quartz cuvettes at 25 ºC using thermostated cuvette holders. Stock concentrations of Prodan in dimethylformamide were determined using an extinction coefficient of 18000 at 360 nm. Binding experiments were carried out in 10 mM Tris-HCl, 100 mM NaCl, pH 8.0 buffer, using 0.2 -0.5 µM Prodan solutions to which increasing concentrations of proteins were added and emission was monitored in the range of 375 to 600 nm using an excitation of 360 nm and with 5 nm slits for both excitation and emission channels. The emission intensity at 430 nm (I430) and 520 nm (I520) was monitored for bound and free Prodan respectively (55) .
Stock concentration of ANS in dimethylformamide was determined using an extinction coefficient of 7800 at 372 nm. Reverse titrations were done using 15 µM of protein in each case to which increasing concentrations of ANS were added. Fluorescence intensity was measured at 470 nm for bound ANS with excitation at 372 nm and band pass of 5 nm for both excitation and emission channels (20) .
The extent of binding of ANS/Prodan was analyzed by a non-linear model independent method using the following equations to give the apparent dissociation constant in each case (Kd). In equations (1) and (2), ΔF is the change in fluorescence emission intensity at 470 nm (for ANS) or the ratio of I520/I430 (for Prodan) for each point on the titration curve and ΔFmax denotes the same when a given probe is completely bound to a given protein, CL is the concentration of the ligand protein being added at any given point in the titration curve, and C0 is the initial concentration of Prodan (opposite in case of ANS since reverse titration is done). In case of both Prodan and ANS the polarization and anisotropies were measured as a parameter for monitoring binding with steady state lifetimes being additionally monitored in case of Prodan.
Assay of protein aggregation
Insulin, ADH, α and β globin were used as model substrates to check the chaperone potential of the spectrin domains.
A minimum volume of 20 mM NaOH was used to dissolve insulin which was then diluted to 0.3 mg/ml in 100 mM Na-phosphate buffer pH 7.0. Aggregation was induced by the addition of 25 µl of 1 M DTT to 1 ml of insulin solution and the aggregation was followed measuring the apparent increase in absorbance due to scattering at 360 nm as a function of time. Aggregation was carried out in the presence and absence of the spectrin domains and spectrin (20, 22) .
Similar aggregation experiments were carried out using 0.4 mg/ml of ADH in presence and absence of the spectrin domains and spectrin. Aggregation was induced by heating at 50 ºC and followed by measuring the 90º light scattering at 450 nm.
Aggregation assays were carried out using α and β globin chains isolated from human hemoglobin using previously published protocol. Briefly, both kinds of globin chains were diluted with 50 mM Na-phosphate buffer pH 7.4, 150 mM NaCl, 1 mM EDTA to a final concentration of 13.5 μM and pre-incubated at 4 °C with spectrin or the spectrin domains for one hour. The samples were warmed to 37 °C and 10 μl of a 0.5 mM solution of potassium ferricyanide was added to induce aggregation. Aggregation was carried on in the presence and absence of spectrin or spectrin domains. Aggregation was monitored by measuring the apparent increase in absorbance due to scattering at 700 nm with time (21, 80) .
Folding of denatured enzymes
Alkaline phosphatase in a final concentration of 500 µg/ml was denatured in 6 M guanidine-HCl in 10 mM Tris-HCl pH 8.0 buffer at 25 ºC for an hour and then diluted 50 fold in 10 mM Tris-HCl pH 8.0 in presence and absence of spectrin and spectrin domains, to initiate refolding. Further 50 fold dilution was done in 0.5 mM Tris-HCl, pH 8.0 and para-nitophenylphosphate was added to a final concentration of 10 µM and incubated for 20 minutes. 100 mM final concentration of K2HPO4 was added to quench the reaction and absorbance was measured at 400 nm to monitor reactivation yield taking the activity of the native enzyme as 100% (20) . α-glucosidase in final concentration of 400 µg/ml was denatured in 8 M urea in 50mM Na-phosphate pH 7.6 for two hours. Refolding was initiated by 100 fold dilution in the same buffer in presence and absence of spectrin and spectrin domains. 0.3 mM final concentration of para-nitophenyl-α-Dglucopyranoside was used as enzyme substrate and the velocity of enzymatic reaction was followed by monitoring the increase in absorbance at 400 nm with time. Activity of native enzyme was taken as 100% (20) . Panel 2 subpanel-a shows the SDS-PAGE for the crude extracts of the domains and subpanel-b shows the same for Ni-NTA resin purified samples. The lanes are numbered from 1 through 9 and in numerical sequence they are: α-dimerization domain, α-tetramerization domain, spectrin repeat domain, EF domain, SH3 domain, β-dimerization domain, β-tetramerization, ankyrin binding domain and actin binding domain respectively. The ladder used was Prism Ultra pre-stained protein ladder and the two most prominent bands show 24 kDa and 70 kDa. Panel 3 shows the reconstitution of the self-association domain from the α-and β-tetramerization domains as followed by size exclusion chromatography on Sephadex G-100 column. Subpanels a and b show the elution profile for purified α-(~19 kDa) and β-tetramerization (~28 kDa) domains respectively. Subpanel-c shows the same for when the two domains are mixed and incubated for two hours, it is seen that a small self-association domain (~47kDa) peak starts to form. Subpanel-d shows increased selfassociation domain production at 4 hours and subpanel-e shows that the majority of the constituent domains have dimerized to form self-association domain at 8 hours. Panel 4 shows the emission spectra of all the native spectrin domains, spectrin and self-association domain while panel 5 shows the representative CD spectra of native spectrin and reconstituted self-association domain. The filled in bars represent alkaline phosphatase while the empty bars represent α-glucosidase. The activity of equivalent amount of native enzyme was taken as 100%. Presence of spectrin, selfassociation domain and spectrin fragments was found to reduce reactivation yields for α-glucosidase, with the opposite being seen for alkaline phosphatase. Error bars are calculated as the standard deviation of four independent experiments.
